The transcription factor SRY (sex-determining region)-box 2 (SOX2) is an important functional marker of neural precursor cells (NPCs) and plays a critical role in self-renewal and neuronal differentiation; however, the molecular mechanisms underlying its functions are poorly understood. Using human embryonic stem cellderived NPCs to model neurogenesis, we found that SOX2 is required to maintain optimal levels of LIN28, a well-characterized suppressor of let-7 microRNA biogenesis. Exogenous LIN28 expression rescued the NPC proliferation deficit, as well as the early but not the late stages of the neurogenic deficit associated with the loss of SOX2. We found that SOX2 binds to a proximal site in the LIN28 promoter region and regulates LIN28 promoter acetylation, likely through interactions with the histone acetyltransferase complex. Misexpression of let-7 microRNAs in NPCs reduced proliferation and inhibited neuronal differentiation, phenocopying the loss of SOX2. In particular, we identified let-7i as a novel and potent inhibitor of neuronal differentiation that targets MASH1 and NGN1, two well-characterized proneural genes. In conclusion, we discovered the SOX2-LIN28/let-7 pathway as a unique molecular mechanism governing NPC proliferation and neurogenic potential.
The transcription factor SRY (sex-determining region)-box 2 (SOX2) is an important functional marker of neural precursor cells (NPCs) and plays a critical role in self-renewal and neuronal differentiation; however, the molecular mechanisms underlying its functions are poorly understood. Using human embryonic stem cellderived NPCs to model neurogenesis, we found that SOX2 is required to maintain optimal levels of LIN28, a well-characterized suppressor of let-7 microRNA biogenesis. Exogenous LIN28 expression rescued the NPC proliferation deficit, as well as the early but not the late stages of the neurogenic deficit associated with the loss of SOX2. We found that SOX2 binds to a proximal site in the LIN28 promoter region and regulates LIN28 promoter acetylation, likely through interactions with the histone acetyltransferase complex. Misexpression of let-7 microRNAs in NPCs reduced proliferation and inhibited neuronal differentiation, phenocopying the loss of SOX2. In particular, we identified let-7i as a novel and potent inhibitor of neuronal differentiation that targets MASH1 and NGN1, two well-characterized proneural genes. In conclusion, we discovered the SOX2-LIN28/let-7 pathway as a unique molecular mechanism governing NPC proliferation and neurogenic potential.
neural stem cells | mechanisms of pluripotency S elf-renewing, multipotent neural precursor cells (NPCs) are capable of terminally differentiating into neuronal and glial lineages during development and in the adult nervous system (1, 2) . Disruption of the pathways controlling NPC biology has been implicated in various pathologies, including autism (3), Treacher Collins syndrome (4) , and neural tube defects (5) , emphasizing the importance of gaining a better understanding of the underlying molecular events and how they may be manipulated to treat and prevent such pathologies. The HMG-box transcription factor SOX2 is ubiquitously expressed in NPCs and supports their self-renewal (6) . SOX2 is also required for neurogenesis in the central nervous system (7) (8) (9) (10) . Recently, we used human embryonic stem cells (hESCs) and mouse models to demonstrate a critical requirement for SOX2 for sensory neurogenesis in dorsal root ganglia (11) . However, the mechanisms by which SOX2 functions in self-renewal and neuronal differentiation remain poorly understood.
Small, noncoding microRNAs (miRNAs) are transcribed as long precursors (pri-miRNAs) that are sequentially processed by the RNases Drosha/Pasha to form pri-miRNAs and by Dicer to form the mature miRNAs of ∼20-25 nucleotides. The miRNAs function through imperfect base-pairing with hundreds of target mRNAs to trigger their degradation (or block their translation) by the RNA-induced silencing complex, RISC (12) . In some cases, miRNA maturation is tightly controlled; for example, the RNA-binding protein LIN28 regulates the biogenesis of the let-7 miRNA family by inhibiting their maturation at both the primiRNA (13, 14) and premiRNA (15, 16) processing steps. Intriguingly, LIN28 protein was found to be associated with SOX2 protein in mouse ESC, but the functional consequences of the interaction are unclear (17, 18) . Beyond its role in let-7 biogenesis, LIN28 was recently reported to regulate splicing of a large proportion mRNAs and to bind numerous other mRNAs, many of which play roles in growth and survival (19, 20) .
MicroRNAs have been shown to control gene expression in many important cellular functions such as stress signaling and differentiation, and in diseases such as cancer (21, 22) . Several miRNAs have been reported to regulate mammalian neurogenesis by promoting neuronal differentiation (miR-124) (23) or by supporting NPC maintenance and opposing their differentiation (miR-184 and miR-137) (24, 25) . The let-7 family has been shown to attenuate proliferation by inhibiting cell cycle regulators such as RAS, high mobility group AT-hook 2 (HMGA2), Cyclin D, and CDC25 (26) (27) (28) . In particular, the let-7b miR was found to inhibit self-renewal and promote neuronal differentiation of mouse NPCs by targeting the critical stem cell transcription factor TLX and the cell cycle regulator CCND1 (29) . Here, we present evidence for an unsuspected link between SOX2 and the LIN28/let-7 pathway and provide a molecular mechanism for the dual role of SOX2 in maintaining NPC proliferation and neurogenic potential.
Results

SOX2
Positively Regulates LIN28 Expression. Our previous microarray gene expression analysis of hESC-derived multipotent NPCs (11, 30, 31) suggested that SOX2 regulates the expression of LIN28, a well-studied repressor of let-7 family biosynthesis (13) (14) (15) (16) . Immunofluorescence analysis confirmed that SOX2 and LIN28 were coexpressed in all NPCs (Fig. 1A) . We used NPCs derived from a hESC line carrying a doxycycline (dox)-inducible SOX2 shRNA (11) to knock down SOX2 and monitor the expression of LIN28 transcripts. Following dox treatment, we observed loss of SOX2 expression with concomitant and proportional loss of LIN28, as measured by quantitative PCR
Significance
The transcription factor SOX2 plays a critical role in self--renewal and neuronal differentiation of neural precursors (NPCs); however, the molecular mechanisms underlying its functions are poorly understood. We found that SOX2 regulates the expression of LIN28, a suppressor of let-7 microRNA biogenesis. Exogenous LIN28 rescued the NPC proliferation and some neurogenic deficits in the absence of SOX2. We identified let-7i as a novel and potent inhibitor of neuronal differentiation that represses proneural genes. The discovery of SOX2-LIN28/let-7 pathway that maintains both NPC proliferation and neurogenic potential will enhance our understanding and therapeutic development relevant to neurodegeneration and brain tumors.
(qPCR) analysis (Fig. 1B) . Down-regulation of LIN28 (60-80% decrease) was confirmed at the protein level by Western blot and immunocytochemistry ( Fig. 1 C and D) . The reintroduction of exogenous SOX2 in SOX2 knockdown NPCs rescued LIN28 expression ( Fig. S1 A and B; note that the shRNA targets SOX2 3′ UTR and therefore does not affect the exogenous SOX2 coding sequence). SOX2 knockdown also triggered a less pronounced decrease (∼45%) in expression of LIN28B, a LIN28 homolog that also suppresses let-7 maturation (Fig. S1C) . Our conventional neuralization protocol (see Materials and Methods for details) resulted in neural precursors uniformly positive for PAX3 and SOX9, and up to 80% positive for SOX10 (Fig. S2 A-K). These neural precursors are biased toward a dorsal identity and are hereafter referred to as NPCs. To investigate whether SOX2 regulation of LIN28 depends on the regional identity of the NPCs, we used ventralized NPCs (vNPCs) obtained by patterning hESC during neuralization with the Sonic Hedgehog (SHH) agonist purmorphamine. vNPCs expressed high levels of the ventral markers OLIG2 and FOXA2 and displayed markedly reduced levels of the dorsal markers PAX3 and GDF7 (Fig. S2 I-K) . Knockdown of SOX2 in vNPCs resulted in robust downregulation of LIN28 (Fig. 1E) , suggesting that SOX2 regulation of LIN28 expression is independent of the NPC regional identity.
Next, we used mouse genetic models to investigate the dependence of LIN28 expression on SOX2 in vivo. LIN28 was highly expressed in the developing neural tube (E11) of wild-type animals (Fig. 1F) . In contrast, ablation of SOX2 expression in (Fig.  1 F and G) . These results demonstrate that SOX2 is required for expression of physiological levels of LIN28 in the developing neural tube. We also analyzed LIN28 expression in the subgranular layer of the dentate gyrus, the area of adult hippocampal neurogenesis (33) . LIN28 was readily detected in NPCs (CFPnuc+ cells; Fig. 1H ) of Nestin-CFPnuc transgenic mice (34) . We engineered Sox2 flox ::mGFAP-Cre::Nestin-CFPnuc mice in which SOX2 is ablated in adult NPCs (35) (Fig. S2 L and M) . In these mice, levels of LIN28 were reduced by 65% in the neural precursors (CFPnuc+ cells) within the subgranular layer of dentate gyrus ( Fig. 1 H and I and Fig. S2 N and O) . Finally, we used the same transgenic mouse model to assess the effect of SOX2 knockout on LIN28 expression in the adult NPCs of the subventricular zone (SVZ), another region of the adult mouse brain displaying active neurogenesis. Similarly to that observed in the subgranular layer of dentate gyrus, we found significant reduction of LIN28 levels in the neural precursors (CFPnuc+ cells) of SOX2 conditional knockout mice ( Collectively, our in vitro data from human NPCs with different regional identities, and the in vivo data in the developing spinal cord and neurogenic niches of the adult brain, indicate a general requirement of SOX2 for optimal levels of LIN28 expression in neural stem/precursor cells. 
SOX2 Modulates Histone Acetyltransferase Activity at the LIN28
Promoter. A bioinformatic analysis of the LIN28 promoter in several species revealed the presence of putative SOX binding sites, including a conserved site proximal to the transcription initiation site (distance <150 bp; Fig. S3A ). We assayed human LIN28 2-kb proximal promoter (containing either a wild-type or a mutated SOX binding site) in wild-type or SOX2 knockdown NPCs ( Fig. S3 B and C) . The mutated promoter was significantly less active compared with wild type in the presence Sox2; however, no differences were observed in the absence of Sox2 (Fig.  S3 B and C), suggesting that SOX2 directly modulate the activity of LIN28 promoter at least in part through the conserved proximal SOX binding site. We next directly assessed SOX2 binding at the human LIN28 promoter in hESC-derived NPCs by ChIPqPCR, and we found that SOX2 binds in proximity of the transcription start site ( Fig. 2 A and B) . Overall, these data suggest that SOX2 directly interacts with LIN28 genomic regulatory elements. In a previous study (11), we identified SOX2-interacting proteins in hESC-derived NPCs by immunoprecipitation followed by mass spectrometry (IP-MS). Intriguingly, we found that SOX2 interacts with several protein components of histone acetyltransferase (HAT) complexes (Fig. 2C) , and among these were DNMT1-associated protein 1 (DMAP1), TBP-associated factor (TAF), TAF5, TAF6, and the HAT adaptor protein TRRAP (36) , which was recently found to interact with SOX2 in mouse NPCs (37) . We confirmed that TRRAP is expressed and colocalized with SOX2 in the nuclei of NPCs (Fig. 2D ), hinting at the possibility that SOX2 might be associated with a HAT adaptor complex that increases HAT activity on the LIN28 promoter. Indeed, ChIP experiments with a TRRAP-specific antibody demonstrated the presence of TRRAP-containing complexes associated with the LIN28 promoter in the proximity of the SOX2 binding site (Fig. 2E ). Furthermore, down-regulation of SOX2 resulted in a significant reduction in TRRAP-containing complexes at the LIN28 promoter ( Fig. 2F ) and reduced the binding of HATs known to interact with TRRAP [i.e., GCN5 (38) and PCAF (39); Fig. 2F ]. These results suggest that the interaction of TRRAP and HATs with LIN28 regulatory elements requires SOX2. Consistent with the reduced binding of TRRAP and HATs at the LIN28 promoter, SOX2 knockdown reduced the acetylation of histone H3 at lysine 9 (H3K9Ac) and lysine 18 (H3K18Ac), epigenetic markers for open, actively transcribed chromatin (Fig.  2G) . A 24-h treatment of NPCs with the HAT inhibitor MB3 significantly reduced the levels of LIN28 mRNA (Fig. S3D) , suggesting that histone acetylation is functionally required to maintain high levels of LIN28 expression. To evaluate whether the reduced assembly of the HAT machinery at LIN28 promoter was specific for LIN28 or due to a global loss of acetylation and HAT functional components, we quantified TRRAP, GCN5, and global H3K9/18ac in SOX2 knockdown NPCs. Loss of SOX2 did not alter TRRAP expression ( Fig. S4 A and B) , and GCN5 was slightly down-regulated (53% and 39% decrease by qPCR and Western blot, respectively; Fig. S4 A and B) . The global levels of H3K9/18Ac were not altered in SOX2 knockdown NPCs ( Fig. S4 C and D) . These results suggest that SOX2 knockdown induces a local reduction of H3K9/18 acetylation at the LIN28 promoter. The loss of histone acetylation in SOX2 knockdown cells could also be explained if SOX2 inhibits histone deacetylases (HDACs) at the LIN28 promoter; if so, we reasoned that chemical inhibition of HDACs should mimic SOX2 function and increase LIN28 expression, even in the absence of SOX2. However, we found that HDAC inhibition in shSOX2-treated cells did not increase LIN28 expression (Fig. S3E ), suggesting that SOX2 regulation of LIN28 promoter acetylation is likely mediated only by HAT activity. Considering that TRRAP-containing complexes regulate different types of histone acetylation, it is possible that additional epigenetic mechanisms may be operating. Collectively, our results suggest that SOX2 regulates the epigenetic state (H2K9/18Ac) of LIN28 promoter and that in the absence of SOX2, LIN28 promoter exhibits a decreased H3K9/18 acetylation associated with a more closed chromatin configuration.
LIN28 Modulates NPC Proliferation and Neuronal Commitment.
SOX2 knockdown in proliferating NPCs (i.e., cultured under self-renewal conditions) decreased the cell number compared with control cultures; however, immunostaining for activated caspase 3 (AC3) showed no change in apoptosis, suggesting that the rate of cell death is unchanged under these conditions. Instead, SOX2 knockdown dramatically decreased NPC proliferation, as assessed by immunostaining of the cell cycle marker Ki67 (52% reduction; Fig. 3 A and B) and BrdU incorporation (30.9 ± 1.9% BrdU+ cells in control NPCs vs. 16.9 ± 2.9% in SOX2 knockdown cells). Because LIN28 has been shown to promote proliferation in both let-7-dependent (28) and -independent (19) manners, we asked if exogenous LIN28 would rescue NPC proliferation in the absence of SOX2. Inducible expression of exogenous LIN28 in SOX2 knockdown NPCs restored LIN28 to 63% of its endogenous level (while SOX2 levels remained low; Fig. 3H ). Reexpression of LIN28 efficiently rescued NPC proliferation, as assessed by Ki67 staining (89% of control; Fig. 3 A and B) and BrdU incorporation (16.9 ± 2.9% BrdU+ cells in SOX2 knockdown NPCs vs. 35.6 ± 1.2% in SOX2 knockdown cells expressing exogenous LIN28). These results suggest that LIN28 can fully rescue the proliferative deficits associated with SOX2 knockdown and therefore establish LIN28 as a major downstream mediator of SOX2-dependent proliferation in NPCs.
We previously found that knocking down SOX2 precludes NPC differentiation into neurons without affecting glial fates (11) . Indeed, SOX2 knockdown in NPCs cultured under conditions favoring neuronal differentiation strongly reduced the appearance of young TUJ1+ neurons ( Fig. 3 C and D) and completely inhibited the more mature MAP2+ cells (Fig. 3G) . The loss of neurons was likely due to extensive apoptosis, as evaluated by immunostaining for AC3 (Fig. 3 E and F) . Expression of exogenous LIN28 on the background of SOX2 knockdown rescued the early stages of neuronal differentiation (TUJ1 immunostaining; Fig. 3 C and D) and reduced apoptosis by 57% (AC3 immunostaining; Fig. 3 E and F) , suggesting that prevention of cell death might contribute to the observed LIN28-dependent rescue. However, LIN28 overexpression was unable to rescue neuronal maturation (MAP2 staining; Fig. 3G ), suggesting that other functions of SOX2 are required to achieve neuronal maturation.
Taken together, these results suggest that LIN28 plays a major role in controlling SOX2-dependent NPC proliferation and contributes to SOX2-dependent neurogenesis.
Role of let-7 in NPC Proliferation and Neuronal Differentiation.
LIN28 is well known to be a suppressor of let-7 miR biogenesis. Therefore, we investigated the effect of SOX2 knockdown (and subsequent LIN28 down-regulation) on expression of the let-7 miR family in NPCs. Quantification of mature miRNA expression upon SOX2 knockdown using TaqMan miRNA arrays showed that 50% of total let-7 family members were up-regulated, 25% were not affected, and 25% were down-regulated (Fig. S5A) . Subsequent qPCR analysis confirmed the up-regulation of mature let-7b miR (albeit at lower levels, suggesting that TaqMan array analysis may overestimate the up-regulation of let-7 miRs) and identified an increase in mature let-7i miR, which was not detected on the TaqMan array (Fig. 4A ). In agreement with the observed up-regulation of let-7b, qPCR analysis of SOX2 knockdown NPCs revealed significant down-regulation of the reported let-7b targets TLX, CCND1 (29), CDC25A (28) (Fig. 4 B-D) , and confirmed targets of other let-7, such as E2F transcription factor 2 (E2F2) (26) and Kirsten rat sarcoma viral oncogene homolog (KRAS) (27, 40, 41) (Fig. S5B) . The let-7 targets were also downregulated in vNPCs following SOX2 knockdown (Fig. S5C) . Reexpression of LIN28 in SOX2 knockdown NPCs inhibited let7b and let-7i maturation (Fig. 4E) and derepressed let-7 target genes (Fig. 4F) , suggesting a canonical pathway for LIN28 regulation of let-7b and let-7i biogenesis.
To monitor let-7 activity during neuronal differentiation, we engineered lentiviral reporters encoding GFP with 3′ UTR containing five perfect let-7b or let-7i target sequences (let-7b/i sensors; Fig. S6 ). Let-7 activity was not detected in NPCs, consistent with the high levels of SOX2 and LIN28 expression in these cells (Fig. 4 G and H) . In contrast, let-7 miRNAs were highly active in mature MAP2+ neurons (Fig. 4 I and J) , suggesting that let-7 miRNA accumulates in these cells.
To investigate the consequence of let-7 misexpression in NPCs, we generated hESC lines expressing dox-inducible let-7b or let-7i and differentiated the lines into NPCs. Under selfrenewal conditions, overexpression of let-7b reduced NPC proliferation (Fig. 5 A and B) , but let-7i had no apparent effect (Fig.  5 A and B) . Under neurogenic conditions, let-7b overexpression reduced the number of MAP2+ neurons by ∼35% (Fig. 5 C and  D) , whereas let-7i overexpression almost completely abolished MAP2 expression and cells with neuronal morphologies (Fig. 5 C  and D) . Furthermore, let-7i overexpression induced a dramatic increase in apoptosis, similar to the effect of SOX2 knockdown under neurogenic conditions (Fig. S7 A and B) . These results indicate that different let-7 family members might have selective effects on NPC proliferation and neurogenesis, although it is possible that the observed functional differences may be diminished at higher expression levels (Fig. S6) .
Because the role of let-7 in regulating proliferation is well established, we focused on their involvement in neurogenesisin particular, let-7i, which showed the strongest antagonistic activity (Fig. 5 C and D) . Previously, we suggested that SOX2 may be required in NPCs for expression of the proneural genes MASH1and NGN1 (11) . Indeed, overexpression of let-7i strongly reduced expression of both MASH1 and NGN1, mimicking the effects of SOX2 knockdown (Fig. 5E) . A bioinformatic analysis predicted the existence of two let-7 binding sites in the human MASH1 3′ UTR and one site in the human NGN1 3′ UTR (Fig. S8) . These binding sites were also conserved in the murine Mash1 and Ngn1 mRNAs (Fig. S8 A-C) . To determine whether MASH1 is a direct target of let-7i, we fused the GFP coding sequence with a 200-bp sequence of the MASH1 3′ UTR containing the two predicted let-7 binding sites (Fig. 5F ). Cotransfection of HEK293T cells with a let-7i expression vector and the GFP-MASH1 3′ UTR reporter resulted in a significant reduction in GFP expression (Fig. 5G) , which was reversed by introducing mutations into both let-7 binding sites (Fig. 5H) . These data suggest that the proneural gene MASH1 is a direct target of let-7i.
Collectively, these results demonstrate that individual members of the let-7 miR family may preferentially affect NPC proliferation or neuronal differentiation and suggest that the combined activity of let-7 miRs phenocopies the loss of SOX2 in NPCs with respect to proliferation and neurogenesis. We identify LIN28 as a direct SOX2 effector that inhibits activation of the let-7 family, thus enabling the proliferation and subsequent neuronal differentiation of NPCs (Fig. 5I) . Our findings provide a mechanism for the previously observed dual requirement for SOX2 in proliferation and neuronal differentiation of NPCs.
Discussion
The molecular mechanisms underlying SOX2 function in NPCs are not well understood. Here, we discovered that SOX2 is required to maintain endogenous levels of LIN28, a master regulator of let-7 miR biogenesis that was recently implicated in global modulation of mRNA splicing (20) . The knockdown studies in hESC-derived NPCs and genetic ablation of SOX2 in mouse models established that SOX2 is required for optimal LIN28 expression in cultures and in vivo. We found that the function of SOX2 in NPC proliferation is largely mediated by LIN28, because LIN28 overexpression is sufficient to rescue the proliferation deficits associated with the loss of SOX2. Under neurogenic conditions, LIN28 was able to rescue apoptosis and the early (βIII-tubulin+ cells) but not late (MAP2+ cells) stages of neurogenesis after SOX2 knockdown. Based on our in vitro findings, we speculate that SOX2 regulates LIN28 expression in part by recruiting HATs through the TRRAP adaptor to the LIN28 promoter to maintain a high level of H3K9/18 acetylation and an open chromatin state of LIN28 promoter in NPCs. It is possible, however, that other mechanisms downstream of SOX2, such as a classical transcriptional transactivation (42) or a global regulation of HATs levels (43), contribute to the regulation of LIN28 expression in NPCs.
Recently, LIN28 was shown to regulate the abundance of splicing factors and to interact with numerous mRNAs (19, 20) , several of which play roles in growth and survival (19, 20) , thus providing one potential mechanism by which LIN28 may promote NPC proliferation independently of let-7. However, the role of LIN28 in the repression of let-7 miR family biosynthesis is better understood (13-16) . The let-7 family plays well-established roles in controlling proliferation (26) (27) (28) , such as the role of let-7b in targeting TLX and CCND1 in neural stem cells and in promoting neuronal differentiation (29) . However, let-7 miRNAs can act as inhibitors of neuronal differentiation (44); for example, let-7 regulates neuronal differentiation in zebrafish through targeting Mash1/Ascl1 (45) . We found that let-7b overexpression inhibited NPC proliferation, whereas let-7i overexpression was significantly less active under the same conditions. Although both let-7b and let-7i inhibited NPC neurogenesis, let-7i overexpression produced a much stronger effect. Modeling the mRNA degradation with the let-7 sensors suggest that the effect of a specific let-7 miR on a particular target mRNA depends on the degree of miR-mRNA complementarity and on the ratio of particular let-7 miR and its mRNA target. Although the let-7 family members are often considered to have redundant functions (21) , studies in squamous cell carcinomas of the head suggest that let-7b inhibits proliferation, let-7d represses epithelial to mesenchymal transition, and let-7i mainly inhibits mesenchymal cell movement (46) (47) (48) . Our observations support the possibility that the let-7 family members exhibit target selectivity and thus might promote different cell fates even when expressed in the same cell type.
In conclusion, we identified LIN28 as a direct mediator of SOX2-dependent proliferation in neural precursors. We showed that LIN28 is required in NPCs, at least in part, to suppress the precocious biogenesis of active let-7 family miRNAs. Indeed, let-7 activity was detected in mature MAP2+ neurons but not in NPCs. The let-7 activity would be deleterious for self-renewing multipotent NPCs because it inhibits both proliferation (e.g., TLX, CCND1, CDC25A) and neuronal commitment (e.g., NGN1, MASH1). It is tempting to speculate that the downregulation of SOX2 and LIN28 followed by the induction of let-7 expression that occurs during the final stages of neurogenesis is required to orchestrate cell cycle exit and the extinction of proneural gene transcripts that are only transiently required during neurogenesis and are absent in mature neurons (49) . This hypothesis is consistent with the evidence that LIN28 negatively regulates gliogenesis independently of let-7 miRs (44), as well as our previous observation that gliogenesis is not affected by the loss of SOX2 from neural precursors (11) . In humans, SOX2 haploinsufficiency results in abnormal development of the hippocampus, and epilepsy (50); anophthalmia (51); retarded growth and sensorineural deafness (52) ; and genital anomalies (53) . Our findings suggest that some of these phenotypes could be mediated through the LIN28/let-7 pathway, thus identifying potential new targets for therapeutic intervention.
Materials and Methods
Maintenance of hESCs. H9 hESCs were maintained on a feeder layer of mouse embryonic fibroblasts and in Matrigel-coated plates [BD Biosciences; final Matrigel dilution = 1:30 in PBS, 2-h coating at room temperature (RT)] in Knockout DMEM (Gibco) containing 20% serum replacement (Gibco), 1× nonessential amino acids (Gibco), 2 mM L-glutamine (Gibco), 0.1 mM β-mercaptoethanol (Gibco), 1× antibiotics/antimycotics (Omega), and 8 ng/ mL bFGF (Sigma). hESCs were passaged every 5-7 d by manual removal of morphologically identifiable differentiated colonies followed by treatment with 1 mg/mL collagenase type IV (Gibco) diluted in knockout DMEM. The medium was changed daily.
Derivation, Maintenance, and Differentiation of Human NPCs. Neurospheres were generated from hESCs as previously described (30, 54) . The protocol yields NPCs with a clear dorsal identity (Fig. S2 A-K) . To ventralize the cells, NPCs at the rosette stage (5-7 d after neural induction) were treated with the SHH agonist purmorphamine (0.5 μM) for 7 d. Monolayer cultures of hESC-derived NPCs were propagated on Matrigel-coated plates in base medium [1:1 ratio of DMEM/F12 GlutaMAX-neurobasal medium (Gibco), 2% B27 supplement without vitamin A (Gibco), 10% BIT 9500 (StemCell Technologies), and 1 mM glutamine (Gibco)] supplemented with 20 ng/mL EGF (Chemicon), 20 ng/mL bFGF, 5 μg/mL insulin (Sigma), 10 ng/mL LIF (Millipore), and 5 mM nicotinamide (Sigma). hESC-derived NPCs were subcultured enzymatically with Accutase (Chemicon) at a 1:2 or 1:3 ratio approximately once a week. To induce neuronal differentiation, hESC-derived NPCs were seeded onto fibronectin-coated plates (2 μg/mL, overnight coating) at high density (3 × 10 5 cells/cm 2 ) and cultured for 3 wk with base medium supplemented with 40 ng/mL basic FGF and 40 ng/mL brain-derived neurotrophic factor. Unless otherwise stated, all data were obtained by using the hESC-derived NPCs with a default dorsal identity.
Immunocytochemistry and Immunohistochemistry. Immunocytochemistry. Cells were rinsed with PBS and fixed in 4% paraformaldehyde (PFA) in PBS for 15 min at RT. Cells were blocked with 3% BSA and 0.5% Triton X-100 in PBS (PBSAT) for 1 h at RT and then incubated overnight at 4°C with primary antibodies (Table S1 ) diluted in PBSAT. The appropriate fluorochrome-conjugated secondary antibodies were used at 1:1,000 dilution. Nuclei were stained with DAPI. Immunohistochemistry. PFA-fixed mouse sections (12-μm thickness) in low pH Antigen Unmasking Solution (Vector Laboratories) were heated in a microwave until boiling and then cooled to RT. This process was repeated 3-4 times and sections were then washed with PBS and blocked with 5% BSA, 5% goat serum, 0.5% Triton X-100 in PBS (PBSGT) for 1 h at RT. Sections were incubated with primary antibodies overnight at 4°C, washed with PBSGT, and incubated for 1 h at RT with the appropriate fluorochromeconjugated secondary antibody.
Quantitative PCR. Quantification of mRNA levels. Total RNA was extracted using the RNeasy kit (Qiagen) and 1 μg was reverse-transcribed using the QuantiTect kit (Qiagen) according to the manufacturer's instructions. Purified cDNA (2 μL) diluted 1:8 was used as a template. qPCR was performed with SYBR Green PCR Master Mix (Invitrogen) according to the manufacturer's recommendations. Hypoxanthine phosphoribosyltransferase (HPRT) or GAPDH was used for normalization. Data were analyzed using the Δ(ΔCT) method. Primers are listed in Table S2 . Quantification of mature miRNA levels-TaqMan qPCR. The small RNA fraction containing the miRNA pool was purified with the NucleoSpin miRNA kit (Macherey-Nagel) according to the manufacturer's instructions. miRNAspecific cDNA preparation and qPCR quantification was performed using the TaqMan small RNA assay (Applied Biosystems). An aliquot of 10 ng of purified small RNA pool was used in the retrotranscription reactions. qPCR was performed with TaqMan universal PCR master mix according to the manufacturer's guidelines. Data were analyzed using the Δ(ΔCT) method and normalized to U6 snRNA. Quantification of mature miRNA levels-TaqMan arrays. RNA was purified with the mirVANA miRNA Isolation Kit (Ambion). The purity and integrity of the total RNA were analyzed on RNA NanoChip (Agilent Technologies) using the Eukaryote Total RNA Nano Assay protocol. Total RNA samples with an RNA integrity number of 10 were used for miRNA analysis. The miRNA profiling was performed using TaqMan MicroRNA assays according to the manufacturer's protocol (Applied Biosystems). For each sample, two RT reactions (Megaplex Pool A and Pool B) and two TaqMan MicroRNA Arrays (A and B Cards) were performed for a full miRNA profile. Briefly, 1 μg of total RNA was used for each Megaplex reverse transcription reaction in a total reaction volume of 7.5 μL using MicroRNA Reverse Transcription Kit (Applied Biosystems). The cDNA synthesis was performed on ABI's 96-well Thermal Cycler (Veriti) for 40 cycles of 16°C for 2 min, 42°C for 1 min, 50°C for 1 s, and 85°C for 5 min. Each RT product was mixed with 2× TaqMan Universal PCR Master Mix II, with no uracil-N-glycosylase (part no. 4440040; Applied Biosystems) and loaded into the two (A and B) TaqMan low-density array (TLDA) human miRNA V3.0 384-well cards. PCR mix (100 μL) was dispensed into each port of the 384-well TLDA card. The cards were centrifuged twice for 1 min each at 331 × g in a Sorvall centrifuge (Thermo Scientific) and sealed with a microfluidic card sealer. The TLDA cards were run on a 7900HT Fast Real-Time PCR system with robotics (Applied Biosystems) using Sequence Detection Systems (SDS) software V2.3. Conditions were 10 min at 95°C followed by 40 cycles of 95°C for 15 s and 60°C for 60 s. Raw Ct values were calculated using SDS RQ Manager V1.2 with automatic baseline threshold setting, and all samples were normalized using miRNA mammalian endogenous control gene, U6. The miRNA arrays were performed by the functional genomics core of the Sanford-Burnham Medical Research Institute (Lake Nona, FL). Quantification of total miRNA levels. The small RNA fraction containing the miRNA pool was purified with the NucleoSpin miRNA kit (Macherey-Nagel) according to the manufacturer's instructions. The miRNAs were polyadenylated and reverse-transcribed with the Mir-X miRNA First-Strand Synthesis Kit (Clontech). qPCR quantification was performed with SYBR Green PCR Master Mix (Invitrogen). The universal reverse primers included in the Mir-X kit were used in conjunction with miRNA-specific forward primers consisting of the full sequence of the mature miRNA being analyzed. Because the mature miRNA sequence is also contained in pri-and premiRNAs, this technique quantifies the total level of a particular miRNA.
ChIP-qPCR. ChIP was performed using the EZ-ChIP kit (Millipore) according to the manufacturer's recommendations with the following modifications: 2 ×10
6 cell equivalents were used for each immunoprecipitation; cells were sonicated to obtain chromatin fragments of 200-500 bp; and 5-10 μg of the immunoprecipitating antibodies were used in each ChIP. Antibodies included normal rabbit IgG (nonspecific control; Millipore, PP64), rabbit anti-SOX2 (Millipore; AB5603), rabbit anti-TRRAP (Santa Cruz; sc-1141), rabbit anti-PCAF (Santa Cruz; sc-8999), rabbit anti-GCN5 (Santa Cruz; sc-20698), mouse anti-H3K9Ac (Cell Signaling; 9671), and rabbit anti-H3K9/18Ac (Millipore; 07-593). To evaluate factor-specific enrichment at different promoter sites, qPCR was performed using the purified chromatin as a template. Amplification was performed with site-specific primers designed to flank the genomic region of interest (i.e., the SOX binding site at position −32 on the LIN28 promoter). Primer sequences were as follows: forward, GGGTTGG-GTCATTGTCTTTTAG; reverse, AAAGGGTTGGTTCGGAGAAG. qPCR data were normalized to the values obtained with normal rabbit IgG. To compare factor-specific enrichment at particular sites across different cell lines [i.e., control shRNA-expressing cells (shCTRL) vs. SOX2 knockdown (shSOX2)], qPCR data were normalized to 1% of the purified input DNA, which was used as a measure of the total amount of chromatin present in the sample.
Identification of SOX2-Interacting Proteins. IP-MS was performed as previously described (11) . Briefly, hESC-derived NPCs were cultured as described above, lysed, and subjected to IP using the Pierce Crosslink Immunoprecipitation Kit with rabbit anti-SOX2 or normal rabbit IgG control antibodies. Samples were reduced, alkylated, and digested with sequencing grade modified trypsin (Promega) using standard procedures. The resulting peptides were desalted with a peptide microtrap (Michrom Bioresources), dried in a SpeedVac, and resuspended in 0.1% formic acid/5.0% (vol/vol) acetonitrile. Each sample was run in triplicate. LC-MS/MS analyses were performed using an HTC-PAL Autosampler/Paradigm MS2 HPLC connected to a 0.2 × 150-mm Magic C18 column/CaptiveSpray (Michrom) coupled to an LTQ Orbitrap Velos mass spectrometer equipped with electron transfer dissociation (Thermo Fisher), using a decision tree (55) top-20 data-dependent method and a 15-min HPLC gradient. Spectra were searched against an ipi.v.3.73 human protein database using a Sorcerer-SEQUEST Enterprise (SageN Research), and results were filtered to a false discovery rate of 0.005-0.008 using ProteinProphet (Trans-Proteomic Pipeline).
3′ UTR Reporters and let-7 Sensor/Sponges. 3′ UTR reporters. To study the interaction between let-7i and MASH1 mRNA, a 200-bp fragment of MASH1 3′ UTR containing two predicted let-7 binding sites was cloned downstream of the GFP coding sequence. Reporters containing mutated versions of the let-7 binding sites were also engineered. In these constructs, the wild-type binding site at position 2091 (AACATGTAATGCTATTACCTCT) was mutated to AAGCAGTAATGTAGCATAGATG, whereas the binding site at position 2197 (AGAGGCCACCAGTTGTACTTCA) was mutated to TTGCTGAACCTCA-ACTGCGGAA. The mutations were designed to completely disrupt the binding of let-7 as predicted by the RNA22 algorithm (Fig. S8D ). HEK293T cells were transfected with the reporter and let-7i expressing plasmid. Cotransfection with a vector expressing nontargeting shRNA was used as a control. To compare fluorescence across different samples, pictures were taken with the same exposure time and contrast/brightness parameters. For each experiment, a minimum of 75 cells was analyzed. GFP fluorescence was quantified under the different experimental conditions using ImageJ software (http://rsb.info.nih.gov/ij/). Let-7 sensors/sponges. The GFP coding sequence was cloned downstream of the doxycycline-inducible promoter of the pTRIPZ vector (Open Biosystems). The resulting pTRIPZ-GFP vector was used as a control in all experiments using the sensors/sponges. The let-7b and let-7i sensors/sponges were constructed by inserting five perfectly complementary let-7b or let-7i sites in the 3′ UTR of GFP of the pTRIPZ-GFP vector. To monitor the activity of let-7 in NPCs, cells were transduced with lentiviruses packaged with the appropriate plasmids. GFP expression from the control construct and sensors was induced with 0.5 μg/mL doxycycline. Cells were fixed and analyzed by immunocytochemistry 4 d later. To monitor the activity of let-7 in mature (MAP2+) neurons, NPCs were differentiated into neurons for 17 d, and cells were then transduced with control and sensor lentivectors. Doxycycline (0.5 μg/mL) was added to the neutralizing medium, and the cells were fixed and analyzed 4 d later, for a total of 21 d under neuronal differentiation conditions. Let-7 sensors/sponges were also used to block let-7 activity in SOX2 knockdown NPCs; for this, shSOX2 NPCs were transduced with control and sponge lentivectors. SOX2 shRNA and GFP sponges were induced with 3 μg/ mL doxycycline until cells were fixed and analyzed. To examine the sponge effects on proliferation, the cells were cultured under self-renewal conditions for 4 d in doxycycline-containing media. To assess the sponge effects on neurogenic differentiation, NPCs were cultured in neuronal differentiation media containing doxycycline for 21 d. Note that GFP expression from sponges could not be used to assess transduction efficiency because it depends on the endogenous let-7 levels. The efficiency of transduction was therefore tested with the control pTRIPZ-GFP vector under both culture conditions. NPCs were transduced with nearly 100% efficiency under selfrenewal conditions and ∼20% efficiency under neuronal differentiation conditions.
Electroporation and Luciferase Assay in hES-Derived NPCs. The 2-kb LIN28 proximal promoter was cloned into a firefly-luciferase reporter along with the mutant LIN28 promoter containing a mutated SOX binding site (wild-type site: 5′ CTTTGAA 3′; mutant site: 5′ CTCCTCA 3′, position −32 from transcription start site human genomic sequence). The constructs were electroporated into human NPC lines expressing either control or SOX2 doxycyclineinducible shRNAs. Electroporation was performed with the Neon system (Invitrogen) as follows: 10 5 cells were resuspended in NPC media (without antibiotics/antimycotics and with the addition of 0.5% FBS) in the presence of 800 ng LIN28 reporters and 500 ng of control vector expressing Renilla luciferase. Cells were electroporated with three pulses of 10 ms at 1,400 V and plated onto Matrigel-coated plates; the next day, media was changed to standard NPC media with the addition of 1 μg/mL doxycycline, to induce shRNA expression. Luciferase activity was monitored 3 d after with the Dual Glow Luciferase Assay System (Promega) according to manufacturer instructions.
Mutant Mice. We achieved conditional SOX2 deletion in vivo by exploiting two distinct genetic models. Mice carrying Sox2 loxP alleles (8) were crossed with mice expressing Cre recombinase under the control of either the Wnt1 promoter (Wnt1-Cre) (32) or the mGFAP promoter (mGFAP-Cre) (35) . Crossing of Sox2 loxP ::Wnt1-Cre mice resulted in conditional deletion of SOX2 in embryonic dorsal neural tubes and neural crest derivatives. This model was used to study SOX2-dependent LIN28 expression at embryonic stages (E11) in the mouse spinal cord. Five consecutive sections at the level of the forelimb were analyzed in both wild-type and knockout mice. Sox2 loxP ::mGFAP:Cre crosses resulted instead in conditional ablation of SOX2 in adult NPCs of the dentate gyrus. Sox2 loxP ::mGFAP:Cre mice were crossed onto the background of NestinCFPnuc (34) to allow visualization of neural stem/precursor cells within the adult dentate gyrus. Two-month-old mice were used to study SOX2-dependent LIN28 expression in the context of adult hippocampal and subventricular neurogenesis. In both models, mice homozygous for Sox2 deletion (Sox2 LoxP/LoxP ) were compared with the wild-type littermates.
Generation of Stable hESC Lines Carrying Doxycycline-Inducible Lentivectors for shRNA and Overexpression. Inducible SOX2 shRNA-expressing hESCs. hESC lines stably expressing shSOX2 and shCTRL were established as previously described (11) . Inducible let-7 overexpression. Sequences corresponding to mature let-7b or let-7i were cloned between the mir-30 regulatory regions of the inducible pTRIPZ lentivector (Open Biosystems), which makes exogenous let-7 processing independent of LIN28. Vectors were packaged into lentiviral particles by the Viral Vectors Core at the Sanford-Burnham Medical Research Institute (La Jolla, CA) and used to generate stable hESC lines. To eliminate nontransduced hESCs, the puromycin resistance gene present in the pTRIPZ vector was exploited. Cells were cultured in the presence of 2.5 μg/mL puromycin for at least 10 d before being used in experiments. TaqMan qPCR was used to confirm doxycycline-dependent let-7 expression in these lines. Inducible LIN28 overexpression and SOX2 shRNA. The red fluorescent protein (RFP) and shRNA coding sequences downstream of the doxycycline-inducible promoter of the pTRIPZ vector were replaced with the LIN28 coding sequence. The resulting vector encoding doxycycline-inducible LIN28 was stably integrated in the genome of the shSOX2 hESCs described above by means of lentiviral transduction. Selection of transduced cells was performed by exploiting the puromycin resistance gene present in the pTRIPZ vector. The resulting hESC line expressed both SOX2 shRNA and LIN28 in a doxycyclineinducible fashion (shSOX2/LIN28 line). A cell line expressing inducible SOX2 shRNA and inducible RFP was used as a control (shSOX2/RFP). qPCR was used to confirm the concomitant SOX2 down-regulation and LIN28 expression in the shSOX2/LIN28 line.
Digital Image Analysis. Pictures of cells cultured under different experimental conditions were taken with the same exposure time and contrast/brightness parameters. For quantification of nuclear markers (such as Ki67), positive cells were counted and expressed as a percentage of total (DAPI+) cells. Measurements were further normalized to the values obtained under the experimental condition that served as a control.
Quantification of cytoplasmic markers (such as TUJ1 and MAP2) was difficult to perform manually due to the dense cultures required to induce neuronal differentiation. We therefore used a semiautomated approach to evaluate neuronal marker expression using immunocytochemistry. Pictures were taken with the same exposure time and contrast/brightness parameters. The total area showing immunoreactivity for a particular marker was determined using ImageJ and normalized to the total area positive for DAPI, which provides an estimate of the total number of cells present in a given field. A minimum of three random fields containing at least 100 cells was analyzed for each condition.
miRNA Target Prediction and Statistical Analysis. miRNA target sites were predicted using the software RNA22, available online (https://cm.jefferson. edu/rna22v1.0/). All experiments were performed at least in triplicate. Statistical significance was assessed using the Student t test. P < 0.05 was considered significant. In all graphs, error bars represent SE values.
